Background: Hepatic encephalopathy (HE), a severe neuropsychiatric complication, is associated with increased blood levels of ammonia and bile acids (BAs). We sought to determine (1) whether abnormally increased blood BAs in liver cirrhotic patients with HE is caused by elevation of apical sodium-dependent BA transporter (ASBT)-mediated BA reabsorption; and (2) whether increased BA reabsorption would exacerbate ammonia-induced brain injuries. Methods: We quantitatively measured blood BA and ammonia levels in liver cirrhosis patients with or without HE and healthy controls. We characterized ASBT expression, BA profiles, and ammonia concentrations in a chronic liver disease (CLD) mouse model induced by streptozotocin-high fat diet (STZ-HFD) and an azoxymethane (AOM) -induced acute liver failure (ALF) mouse model. These two mouse models were treated with SC-435 (ASBT inhibitor) and budesonide (ASBT activator), respectively. Findings: Blood concentrations of ammonia and conjugated BAs were substantially increased in cirrhotic patients with HE (n = 75) compared to cirrhotic patients without HE (n = 126). Pharmacological inhibition of the enterohepatic BA circulation using a luminal-restricted ASBT inhibitor, SC-435, in mice with AOM-induced ALF and STZ-HFD -induced CLD effectively reduced BA and ammonia concentrations in the blood and brain, and alleviated liver and brain damages. Budesonide treatment induced liver and brain damages in normal mice, and exacerbated these damages in AOM-treated mice. Interpretation: ASBT mediated BA reabsorption increases intestinal luminal pH and facilitates conversion of intestinal ammonium to ammonia, leading to abnormally high levels of neurotoxic ammonia and cytotoxic BAs in the blood and brain. Inhibition of intestinal ASBT with SC-435 can effectively remove neurotoxic BAs and ammonia from the bloodstream and thus, mitigate liver and brain injuries resulting from liver failure.
Introduction
Hepatic encephalopathy (HE) is a constellation of common and potentially severe neuropsychiatric abnormalities present in acute and chronic liver diseases [1] . Blood ammonia is predominantly derived from the intestine and readily crosses the blood-brain barrier (BBB). Accumulation of blood ammonia is believed to play a crucial role in HE pathogenesis [2] . However, recent research has shown that elevated serum bile acids (BAs) are closely associated with liver cirrhosis, hepatocellular carcinoma [3] [4] [5] , and neurological decline in acute liver failure (ALF) [6] . A previous report on BA levels in the sera, cerebrospinal fluid, and brain tissue of 10 patients immediately after death from fulminant hepatic disease also indicated that increased serum BAs would lead to an increase in brain BAs during HE [7] . BAs are produced in the liver from cholesterol primarily via the enzyme cytochrome p450 7A1, and are then conjugated with glycine or taurine, secreted into the intrahepatic bile capillaries via a bile salt export pump and then exported to the intestine where they are metabolized by microbiota [8] . In the terminal ileum and colon, BAs are reabsorbed by enterocytes via apical sodium-dependent bile acid transporters (ASBT) and then released into the portal vein via two organic solute transporters, OST-α/β. In humans, 90-95% of BAs are recycled, and~75% of which are mediated by the ASBT [9] . ASBT is most highly expressed in the ileum but it has also been detected in the cecum, kidney [10] and duodenum [11] . Ileal BAs are recycled back to the liver where they are taken up primarily by the sodiumdependent taurocholate cotransporting polypeptide (NTCP) [12] . In addition to the enterohepatic circulation, BAs have recently been reported to distribute to multiple organs including the brain, particularly, in rodents [13, 14] . Under healthy conditions, only small amount of BAs are found in the peripheral circulation. However, during liver damage, BAs (especially those conjugated with glycine and taurine) accumulate in the circulation due to increased BA reabsorption from the intestine into the portal vein, and the increased backflux rate of BAs from the hepatocytes into blood [15] . Accumulation of BAs in the circulation may contribute to the development of HE [7, 16] , however, the underlying mechanisms remain unclear.
The nuclear receptor farnesoid X receptor (FXR; gene symbol NR1H4) is the primary hepatic BA sensor studied most extensively for its regulation of numerous genes involved in BA homeostasis [14] . Previous studies have also indicated that FXR may contribute to the homeostasis of multiple neurotransmitter systems in different brain regions and modulate neurobehavior [17] . BAs in the serum have also been shown to gain access to the brain and contribute to the neurological decline associated with HE via a mechanism involving FXR activation [6] .
We hypothesized that the ASBT would be upregulated in HE patients and lead to increased enterocyte BA reabsorption. As a result, cytotoxic BAs would start to accumulate in the blood and eventually reach abnormally high levels. An increased intestinal luminal pH would result and facilitate the conversion of ammonium ions into neurotoxic ammonia, which readily diffuses into both the bloodstream and brain. Ultimately, the accumulation of both BAs and ammonia in the brain can lead to brain damage and dysfunction. To test these hypotheses, we analyzed serum BA profiles in newly diagnosed patients with liver cirrhosis with or without HE and healthy controls using a targeted metabolomics approach. We also measured ASBT and NTCP expression as well as BA and ammonia concentrations in different tissues in AOM-induced ALF model mice [18, 19] . Different tissue concentrations of BA and ammonia along with ASBT and NTCP protein expression were analyzed in mice with nonalcoholic steatohepatitis (NASH) induced by streptozotocin and high fat diet (STZ-HFD), a model that mimics human liver disease progression from steatosis to NASH, fibrosis, and hepatocellular carcinoma (HCC) [4, 20] . The AOM-induced ALF mouse model was also used to test the effects of ASBT agonists and antagonists on HE progression. A small molecule, ASBT inhibitor SC-435 [21] , and budesonide [22, 23] , a potent glucocorticoid that is well absorbed in the intestine and activates the glucocorticoid receptor which is known to upregulate ASBT expression, were used to block or increase BA reuptake in the distal ileum, respectively.
Materials and methods

Human subjects
A total of 201 liver cirrhosis patients (75 with HE and 126 without HE), aged 15-75 years, were recruited from April 2013 to December 2013 and from December 2014 to June 2015 at two study sites (Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai, China and the Xiamen Hospital of Traditional Chinese Medicine, Xiamen, China). Ninety-three healthy individuals were recruited as controls from the Physical Examination Center of Shuguang Hospital. Details are provided in the Supplementary Information.
The study was approved by the institutional human subjects review board of both participating hospitals. Each participant signed a written consent form for the study.
Blood sample collection
Fasting blood specimens were collected from all subjects and serum samples were obtained and storage at −80°C until analysis.
Research in context
Evidence before this study Hepatic encephalopathy (HE) is a constellation of common and potentially severe neuropsychiatric abnormalities present in acute and chronic liver diseases, affecting 30-50% of patients with liver cirrhosis. Accumulation of ammonia in the blood, which is predominantly derived from the intestine and readily crosses the blood-brain barrier, is believed to play a crucial role in HE pathogenesis. Serum bile acids (BAs) are significantly increased after liver damage, which may disrupt the blood-brain barrier and cause brain damage.
Added value of this study
Conjugated BAs were significantly elevated in sera of liver cirrhosis patients, and further elevated in those with HE. Apical sodiumdependent bile acid transporter (ASBT) gene expression in ileum and brain and BA concentrations in blood, liver, and brain were significantly increased in a chronic liver disease mouse model induced by streptozotocin-high fat diet (STZ-HFD) as well as an azoxymethane (AOM)-induced acute liver failure mouse model. ASBT mediated BA reabsorption increased pH in the ileum, which facilitated conversion of intestinal ammonium to ammonia, and led to abnormally high levels of cytotoxic BAs and neurotoxic ammonia in blood and brain. Inhibition of the intestinal ASBT with SC-435 in mice effectively reduced BA and ammonia concentrations in the blood and brain, resulting in significant alleviation of liver and brain damages. Administration of ASBT activator, budesonide, induced liver and brain damages in normal mice, and exacerbated these damages in AOM-treated mice.
Implications of all the available evidence
Enhanced BA reabsorption contributes to the development of HE and may also be a causal factor for other neurodegenerative diseases involving dysregulated BA and ammonia metabolism. Blocking BA reabsorption from the intestine via inhibiting ASBT decreased concentrations of BAs and ammonia in blood and brain in mice with liver failure, ameliorated the development of HE in these mice. Thus, targeting ASBT may become a novel therapeutic approach for chronic neurological conditions that often exhibit impaired BA and ammonia regulation.
Blood test
Complete blood counts were measured using a COULTER LH750 Hematology Analyzer (USA), coagulation functions were measured with an automatic coagulation analyzer (STAGO Compact, Diagnostica Stago, France), and other biochemical tests were measured using the Beckman Coulter Synchron DXC800 Chemistry Analyzer (USA).
Animal experimentation
Male C57BL/6 J mice (25 to 30 g; Vital River Laboratory Animal Technology Co. Ltd., Beijing, China) were used in the experiments with approval from Shanghai University of Traditional Chinese Medicine Institutional Animal Care and Use Committee.
STZ-HFD-induced NASH-HCC C57BL/6 J mouse model
New born male C57BL/6 J mice were randomly divided into three groups and treated as the following: (1) normal control mice were housed without any treatment and fed normal diet (12 kcal% fat); (2) NASH-HCC mice had a single subcutaneous injection of 200 μg STZ (Sigma, MO, USA) 2 days after birth and were fed with HFD (60 kcal% fat) ad libitum after 4 weeks of age for 16 weeks to induce the HCC [4, 20] ; and (3) NASH-HCC-SC-435 group, were supplemented with SC-435 (ASBT inhibitor, 10 μg/g body weight, provided by Pfizer, Peapack, NJ) after 4 weeks of age for 16 weeks. The body weight of all animals was measured once a week. At weeks 6, 8, 12 and 20 of age, eight (n = 8) mice in each group were euthanized, and their livers and brains were removed and stored at −80°C for hematoxylineosin (H&E) staining. Ileum tissue and content were also collected and stored at −80°C for future analysis of BAs and gene expression of BA transporters.
AOM-induced HE C57BL/6 J mouse model
Male mice were fed ad libitum with normal rodent chow with free access to water. At age week 8, male mice were randomly separated into four groups (n = 8 per group) and treated as the following: (1) control group received a single intraperitoneal injection of 100 μL saline; (2) AOM group received a single intraperitoneal injection of azoxymethane (AOM, 100 μg/g of body weight; Sigma, St. Louis, CO) dissolved in 100 μL saline; (3) AOM/ budesonide group were supplemented with budesonide (ASBT activator, 40 μg/g body weight, Sigma) through diet for 5 days before the injection of AOM; and (4) AOM/ SC-435 group were supplemented with SC-435 (ASBT inhibitor, 10 μg/g, provided by Pfizer, Peapack, NJ) for 5 days before the injection of AOM. After injection, mice were placed on heating pads set to 37°C to ensure they remained normothermic. After 8 h, mice were provided with 1% glucose ad libitum instead of water to ensure euglycemia and hydration. Glucose solution and rodent chow were placed on cage floors to ensure easy access to food and hydration. Mice were sacrificed at 35 h after the AOM injection [24] . The body weight of all animals was measured and recorded. Organs including liver and brain were removed and stored at −80°C for histological and immunochemical analysis. In addition, 15 mice in each group were maintained for investigation of survival during the experimental period.
Budesonide treatment in C57BL/6 J mice
To test if enhanced BA reabsorption can induce a significant increase of serum and brain ammonia levels, budesonide (40 mg/kg) was administered to adult male C57BL/6 J mice through diet for 1 week, and mice on normal chow without budesonide supplement were used as control. Sixteen (16) mice were included in each group. Mice were sacrificed after the 1-week budesonide treatment and perfused with phosphatebuffered saline (PBS) before sample collection. Plasma, liver, brain and small intestinal tissues and contents were collected and stored at −80°C for further analyses.
Elevated plus maze neurobehavioral study
An elevated plus maze (RD1104-RM, Mobile Datum Information Technology, Shanghai, China) was used to assess level of anxiety in mice. The elevated plus maze consists of four arms (two closed arms and two open arms) elevated 100 cm above the floor. Anxiety-related behavior is associated with avoidance of the open arms and preference of the closed arms of the maze [25] . Each mouse was placed in the center of the maze and the amount of time spent in each arm was recorded.
Histology, immunohistochemistry and immunofluorescence studies
Liver and brain tissues were fixed in 10% neutral-buffered formalin, embedded in paraffin blocks, and processed for routine H&E staining. The stained sections were subsequently examined for histopathological changes.
For brain immunohistochemistry, brain sections were deparaffinized and then subjected to rehydration steps through a graded ethanol series ending in distilled water. Samples were then treated with 3% H 2 O 2 in methanol for 30 min to block the endogenous peroxidase activity. The sections were rinsed in PBS twice, 5 min each time and incubated with 10% normal goat serum for 30 min to block non-specific antibody binding. Immunoreactivity was assessed using specific antibodies for GFAP (Cell Signaling, Danvers, MA), and the neuronal marker NeuN (Abcam, San Francisco, CA). After that, the sections were stained with DAB according to manufacturer's protocols and mounted and photographed using a digitalized microscope camera (Nikon, Tokyo, Japan). Positive cells were quantified using Image J software (Media Cybernetics, MD, USA).
For immunofluorescence analysis, brain slides (cerebral cortex) were stained with antibodies for ASBT (Santa Cruz, California, CA), GFAP (Cell Signaling, Danvers, MA), and NeuN (Abcam, San Francisco, CA), followed by staining with Alexa Fluor 488-conjugated anti-mouse IgG (1:500, Ab150117), and Alexa Fluor 555-conjugated anti-rabbit IgG (1:1000, Ab150074) (Abcam, Cambridge, UK) antibodies. The slides were mounted with ProLong® Gold Antifade Mountant (Thermofisher), and examined using a confocal microscopy (Zeiss, Oberkochen, Germany). Stain-positive cells were quantified using Image J software (Media Cybernetics, MD, USA).
Statistical analyses of percentage of GFAP and NeuN positive cells were independent from each other. For each index, five fields were randomly selected, and the percentage of GFAP+/NeuN+ cells in the cerebral cortex was calculated separately and normalized to the DAPI positive cells. Cerebral cortex is a large brain region and variations in NeuN and GFAP could be a reflection of brain region differences in the density of neurons. To avoid possible sample variability, we then normalized the data in the treatment group to the mean value of the normal control group and showed the results as a fold change. Representative images from the same brain region were used for the analysis.
Liver function marker and ammonia measurements
Plasma ALT and AST were measured using flurometric activity assays (Sigma-Aldrich), according to the manufacturer's instructions. The ammonia levels were measured using an Ammonia Assay Kit (AA0100, Sigma-Aldrich) according to the manufacturer's protocols.
Quantitative real-time polymerase chain reaction
Total RNA was isolated from liver tissue using TRIzol reagent (Invitrogen, Shanghai, China) according to the manufacturer's protocol. RNA concentration was determined using a GE Nanovue Ultramicro spectrophotometer (Healthcare Bio-Sciences AB, USA). mRNA levels of the targeted genes were measured in triplicate on a ViiA™ 7 Real-Time PCR System (Invitrogen, Life Technologies,) using a SYBR Green PCR kit. The forward and reverse primers of the target genes were designed and synthesized by Sangon Biotech (Shanghai, China). β-actin was used as a house-keeping gene, and the relative expression of the target genes was calculated using the comparative Ct approach (dCT).
BAs quantitation
BAs in serum, liver, and brain were measured according to previously reported methods [26] . A Waters ACQUITY ultra performance LC system coupled with a Waters XEVO TQ-S mass spectrometer with an ESI source controlled by MassLynx 4.1 software (Waters, Milford, MA) was used for all analyses. Chromatographic separations were performed with an ACQUITY BEH C18 column (1.7 μm, 100 mm × 2.1 mm internal dimensions) (Waters, Milford, MA). UPLC-MS raw data obtained with negative mode were analyzed using TargetLynx applications manager version 4.1 (Waters Corp., Milford, MA) to obtain calibration equations and the quantitative concentration of each BA in the samples.
Cell culture and reagents
Human caecum cell line CCL-251 (NCI-H716) was purchased from ATCC. The cells were maintained in Petri dishes in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) at 37°C in a 5% CO 2 incubator.
GW4064 and (Z)-Guggulsterone were purchased from SigmaAldrich (St. Louis, MO, USA).
3D co-culture and immunofluorescence staining
CCL-251 cells were cultured in the 3D Petri Dish® system (MicroTissues) (RI, USA), a scaffold-free culture system that maximizes cellto-cell interactions. The cells were treated with different combination of BAs (50 μM) for 7 days, washed with PBS and used for immunofluorescence staining.
Micro-tissues were incubated with antibodies including ASBT (ab203205) and FXR (ab187735) purchased from Abcam (Cambridge, MA), followed by incubation with Alexa Fluor 488-conjugated antimouse IgG (1:500, Ab150117), Goat anti-Rabbit IgG (H + L), superclonal secondary antibodies Biotin (A27035) and Streptavidin (PE-Cy5.5) (SA1018) (Thermo Fisher Scientific, CA). Results were quantified using Image J software (Media Cybernetics, MD, USA).
Cells treated in 2D culture and Western blot
CLL-251 cells were treated with 15 individual BAs (50 μM) including CA, CDCA, TCA, GCA, TCDCA, GCDCA, TLCA, GLCA, TDCA, GDCA, DCA, LCA, UDCA, TUDCA, and GUDCA for 48 h to study the effect of BAs on ASBT expression. The whole cell lysates were prepared as previously described [27] . Boiled samples containing equal amounts of total protein were separated on 10% SDS-PAGE, transferred onto a PVDF membrane and incubated with ASBT (ab203205) and β-actin (ab6276) antibodies (Abcam, Cambridge, MA). The signals were visualized using an ECL kit (Bio-Rad, CA).
Western blot
Brain tissue lysates from the frontal cerebral cortex were obtained, and protein concentrations were determined using a BCA protein assay kit (23,225#, Thermo, California, CA). Western blot analysis was performed as previously described [28] . Equal amounts of protein samples were separated by SDS-PAGE and transferred to NC membranes which were then blocked at room temperature for 1 h in blocking solution. The membranes were then incubated with rabbit monoclonal antibodies against NeuN (ab177487, 1:5000) and rabbit polyclonal antibodies against GFAP (ab7260, 1:1000) overnight at 4°C, followed by a 1 h incubation at room temperature with HRP-conjugated goat anti-rabbit secondary antibody. The obtained bands were then scanned and analyzed with the Odyssey quantitative western blot near-infrared system and band density was analyzed using Image J software. GAPDH served as an internal control and experiments were performed in triplicate. All antibodies were purchased from Abcam.
Statistical analysis
The differences between the groups in BAs measurements were analyzed by Student t-tests using Holm-Sidak method for multiple comparisons correction using GraphPad Prism 6.0 (GraphPad Software, CA, USA). The difference for survival time was assessed using the log rank test. Survival analysis was performed using GraphPad Prism 6.0. We regarded p values of b0.05 as statistically significant. Orthogonal partial least squares-discriminant analysis (OPLS-DA) was performed to discriminate between cirrhosis patients and healthy controls. Scatter plots were drawn using GraphPad Prism 6.0. Correlations between BAs and ammonia were performed using Spearman's correlation analysis.
Results
Serum BA and ammonia increased significantly in cirrhosis patients
The demographic and clinical characteristics of all newly-diagnosed patients and healthy controls are summarized in Table 1 . We observed a clear separation among the healthy controls, cirrhosis patients without HE and cirrhosis patients with HE from an orthogonal partial least squares-discriminant analysis (OPLS-DA) model established with the identified BAs (Fig. 1A , R2Y = 0.55, Q2Y = 0.547). Consistent with our previous study [3] , seventeen BAs were found significantly increased in both groups of cirrhosis patients compared with healthy controls (Table S1 and Fig. 1B ). The levels of total BAs, conjugated BAs, glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), taurocholic acid (TCA) and taurochenodeoxycholic acid (TCDCA) further increased in patients with HE when compared with patients without HE (Fig. 1C, D) . Although the absolute concentration of ursodeoxycholic acid (UDCA) and tauroursodeoxycholic acid (TUDCA) were higher in cirrhosis patients than in controls (Table S1 ), the proportion of these two BAs in total BAs decreased in patients without HE compared with controls, and further decreased in patients with HE in reference to patients without HE (Fig. 1E) . A scatter plot of the blood concentrations of the total BAs against blood concentrations of ammonia is shown in Fig. 1G .
Under the conditions of liver failure, the most important alternative pathway for ammonia detoxification is the formation of glutamine from ammonia and glutamate [29] . The ratio of glutamine to glutamate significantly increased in both groups of cirrhosis patients and further increased in cirrhosis patients with HE compared to those without HE (Fig. S1 ), suggesting that the HE patients still maintained ammonia detoxification ability. However, serum ammonia levels were further elevated in cirrhosis patients with HE compared to cirrhotic patients without HE, although the group difference was not significant (p = .06, Fig. 1F ), suggesting that there was increased supply of ammonia to the bloodstream [30] , instead of decreased metabolic function of the liver in the HE patients. We further measured serum ammonia levels in carefully selected liver function matched patients with HE (n = 11) and without HE (n = 11), and as a result, the ammonia levels in the HE patients were significantly higher than patients without HE (Fig. S2) .
Correlation analysis also revealed that the serum BA levels significantly (p b .05) and positively correlated with serum ammonia levels ( Table S2 ), demonstrating that HE patients with higher serum BA levels also had higher ammonia levels.
STZ-HFD-induced NASH-HCC mice
The histology of livers harvested from STZ-HFD-induced NASH-HCC mice were examined at 4 time points using H&E staining ( Fig. 2A) . Consistent with the results in our previous publication [4] , fatty liver without inflammatory foci was observed at 6 weeks of age (2 weeks after STZ-HFD treatment), fatty liver with moderate neutrophils, lymphocytes and monocytes infiltration, and ballooning degeneration of hepatocytes was found at age of 8 weeks, and chronic fibrosis and HCC were found at ages of 12 and 20 weeks, respectively. ALT levels were significantly higher in NASH-HCC mice than the normal (Fig. 2F) .
Brain samples were harvested at each time point for immunofluorescent and immunohistochemical staining for glial fibrillary acidic protein (GFAP) and NeuN (Fig. 2B, Fig. S3 ). GFAP is a principal component of astrocyte intermediate filaments and decreases of GFAP expression in the brain have been observed [31, 32] in both acute and chronic liver damage. NeuN, a mature neuron marker that can be used to assess neuronal cell loss during HE [33] [34] [35] , and has also been used to identify functional neurons in the CA1 [36] , was found to be decreased with liver disease progression. Consistent with previous studies [31] [32] [33] 35] , the density of NeuN-and GFAP-positive cells in the brain of NASH-HCC mice reduced to about 50% of those in the normal control mice across all time points (Fig. 2C, D) . We confirmed using western blot that the protein expression of NeuN and GFAP was significantly decreased in NASH-HCC mice compared to the normal control (Fig. S4) . Immunofluorescent staining also showed significantly increased expression of ASBT in the brain of NASH-HCC mice (Fig. 2E) .
Heatmap on individual BAs revealed markedly distinct patterns between groups in plasma, brain, liver and feces ( Fig. 2G and Fig. S5) . Notably, the ratio of conjugated BAs to unconjugated BAs significantly increased in NASH-HCC mice in plasma, brain, and liver, but decreased in feces, and the concentrations of hydrophobic BAs, including TCDCA, TCA and GCA, also increased in plasma, brain, and liver, but decreased at some early time points and increased at the end in feces (Fig. 2G and Fig. S5 ). Compared with the normal mice, NASH-HCC mice had significantly higher levels of total BAs in plasma at all four time points, in liver and brain, but in feces, only at the later time points (Fig. 2H-2K ).
Gene expression analysis showed that there were significantly upregulated expression of ASBT in the ileum and brain, and significantly upregulated OST-α in the ileum but downregulated OST-α and OST-β in the brain (Fig. 2L-M and Fig. S6 ). Gene expression of NTCP significantly decreased in the liver (Fig. S6) . Importantly, markedly increased intestinal pH along with the significantly increased serum ammonia levels were observed in the STZ-HFD mice compared to normal controls ( Fig. 2N-O) .
To test our hypothesis that ASBT plays a critical role in BA reabsorption and HE development, we treated the NASH-HCC mice with ASBT inhibitor SC-435 from week 4 to week 20. In agreement with previous studies [37, 38] , ileal BA absorption was inhibited by SC-435 treatment. Compared to the STZ-HFD-fed mice, SC-435 treated mice had less liver damages (Fig. 3A and B) and less reduction in astrogliosis in brain as evidenced by significantly increased expression of GFAP (Fig. 3C, D) . Immunofluorescent and immunohistochemical staining also showed significantly decreased expression of GFAP and NeuN in STZ-HFD-fed mice but they were normalized by SC-435 treatment (Figs. 3C-3F, S7 ). Western blot also confirmed that the protein expression of NeuN and GFAP was significantly decreased in NASH-HCC mice compared to the normal control but normalized after SC-435 intervention (Fig. S8) . Elevated ALT levels in NASH-HCC mice were also partially normalized by SC-435 (Fig. 3G) . Total BA levels in serum, liver, and brain were significantly increased in STZ-HFD mice but were attenuated after SC-435 treatment (Fig. 3H-3J ). Serum and brain ammonia levels decreased by 45% and 26%, respectively, after the SC-435 intervention, although the SC-435-induced changes were not statistically significant (p = .26) (Fig. 3K, L) . ASBT protein expression in brain was upregulated in NASH-HCC mice, but was normalized by SC-435 treatment (Fig. 3M) . Brain injuries are associated with anxiety disorders in both humans [39] and rodents [40] . As expected, NASH-HCC mice spent more time in the closed arms of the elevated plus maze than normal mice, indicating higher anxiety levels in these mice, and SC-435 treatment decreased the time in the closed arms by 37%, but this change was not statistically significant (p = .18) (Fig. 3N ).
AOM-induced acute liver failure mice
H&E staining of liver tissue showed that AOM treatment resulted in profound centrilobular necrosis along with vacuolar degeneration of hepatocytes, SC-435 treatment ameliorate and budesonide treatment aggravated the observed liver damages (Fig. 4A) . All 3 groups of treated mice had significantly elevated ALT levels compared with normal controls, but in reference to AOM mice, ALT level increased by 33% in AOM/Budesonide mice, and decreased by 20% in AOM/SC-435 mice (Fig. 4B) . H&E staining of brain tissue showed that compared with the normal controls, AOM-treated mice had ballooning and twinning astrocytes (Fig. 4C, S9 , markers of central nervous system edema) and decreased protein expression of GFAP (Fig. 4D, E) and NeuN ( (Fig. 4H ). The AOM mice had lower survival rate than normal control mice, while budesonide further decreased and SC-435 improved the survival rate of AOM mice (Fig. 4I) .
AOM treatment significantly elevated total BAs in serum, liver, and brain, and these changes in concentrations seemed to be further aggravated by budesonide, and partially prevented by SC-435 (Fig. 4J-4L ). Examination of ileum content revealed that the lowest level of total BAs and the highest level of pH were both found in the AOM/Budesonide mice, which correlated with the highest level of serum ammonia for this group (Fig. 4M-4O ). Fig. S10 shows that the amounts of cytotoxic BAs, such as TCA, TCDCA, TDCA and DCA, significantly increased in serum, liver and brain after AOM and AOM/budesonide treatments, and these changes were partially prevented by SC-435 (Fig. 4J-4L ). Conversely, TUDCA, as a neuroprotective BA, decreased in liver and brain of AOM and AOM/budesonide mice. All these aforementioned individual BAs showed lower levels in the intestinal content of AOM and AOM/ budesonide mice than in normal control mice, while SC-435 treatment seemed to have partially improved this situation.
AOM treatment also upregulated gene expression of ASBT in the ileum (Fig. 4Q) and brain (Fig. 4R) , which was exacerbated by budesonide and inhibited by SC-435. The gene expression of OST-β in ileum was also upregulated by AOM and AOM/budesonide, and normalized by SC-435 (Fig. 4S) . Upregulated gene expression of farnesoid X receptor (FXR) was observed in the brain (Fig. 4T ) while downregulated FXR was detected in the liver (Fig. 4P ) in AOM/budesonide mice. IHC staining showed significantly decreased protein expression of the hepatic BA transporter, NTCP in AOM-and AOM/Budesonidetreated mice compared with normal, and the expression levels were normalized in AOM/SC-435-treated mice (Fig. S11) .
Increased proportion of intestinal conjugated BAs in AOM mice enhanced ASBT expression via decreased FXR activation
We found that the proportions of conjugated BAs such as TCA, TCDCA, TDCA were much higher (TCA/CA = 26.25; TCDCA/CDCA = 4.4; TDCA/DCA = 5.87) in intestinal contents of AOM mice than in normal controls (Fig. 5A) , although their absolute concentration in intestinal contents were lower (Fig. S10) . Based on the findings of significantly increased ileal ASBT expression in AOM mice, we treated cecal epithelial CLL-251 cells with 50 μM of CA, CDCA, LCA, DCA, UDCA and their taurine and glycine conjugates for 48 h. The conjugated BAs showed higher activation levels of ASBT protein expression than the unconjugated BAs, except for UDCA and its conjugates (Fig. 5B) .
We further treated CLL-251 cells with combined unconjugated BAs and combined conjugated BAs (CA + CDCA, TCA + GCA + TCDCA +GCDCA, DCA + LCA, and TDCA+GDCA+TLCA+GLCA) in a 3D culture system for up to 7 days. Immunofluorescent staining showed that conjugated BAs upregulated protein expression of ASBT but downregulated that of FXR while unconjugated BAs suppressed ASBT expression but upregulated FXR (Fig. 5C) .
We used the GW4064 (FXR agonist, 100 nM) to reactivate FXR in TDCA+GDCA+TLCA+GLCA treated CLL-251 cells, and (Z)-Guggulsterone (FXR antagonist, 20 μM) to suppress FXR in CA and CDCA treated CLL-251 cells. The data shown in Fig. 5D and E indicate that upregulated protein expression of ASBT by TDCA+GDCA+TLCA +GLCA treatment was attenuated after GW4064 treatment while suppressed ASBT expression by CA and CDCA treatments was significantly recovered with (Z)-Guggulsterone treatment. These results indicated that conjugated BAs upregulated intestinal ASBT activity via the inhibition of intestinal FXR. The increased ASBT mediated BA reabsorption through suppression of intestinal FXR signaling by conjugated BAs is further supported by the observation that AOM mice had higher ASBT expression and lower FXR expression in their intestine tissues, in reference to normal controls (Fig. 5F ).
Budesonide treatment on normal mice
To confirm that activation of ileal BA absorption could increase BAs and ammonia in the blood and brain, we fed normal mice with budesonide for one week. H&E staining showed that budesonide induced hepatocyte swelling/ballooning (Fig. 6A) , also increased ALT and AST serum levels (Fig. 6B) . Meanwhile, the protein expression of GFAP in brain tissue decreased in budesonide treated normal mice (Fig. 6C) , and these mice also showed higher anxiety level than normal controls, as evidenced by the result of the elevated plus maze test (Fig. 6D) . Budesonide treatment increased the total BAs levels in serum, liver, and brain, and decreased them in intestinal content (Fig. 6E) . Budesonide also increased ammonia levels in serum, cecum and brain (Fig. 6F) , and upregulated ASBT gene expression in the ileum (Fig. 6G) . Fig. S12 shows that the amounts of cytotoxic BAs (TCA, TCDCA, TDCA and DCA) significantly increased in serum, liver and brain after budesonide treatment, but the concentration of neuroprotective TUDCA decreased in the brain of the budesonide treated mice. Notably all the individual BAs mentioned above had significantly lower concentrations in the ileum of the budesonide treated mice than in the normal mice.
Discussion
Current treatment options for HE are limited and there is an urgent need to identify better targets for therapeutic intervention. This study demonstrated that 1) conjugated BAs significantly elevated in sera of liver cirrhosis patients, and further elevated in those with HE; 2) ASBT gene expression in the ileum and BA concentrations in blood, liver, and brain were significantly increased in a chronic liver disease mouse model (STZ-HFD) as well as an AOM-induced ALF mouse model; 3) ASBT mediated BA reabsorption increased pH in the ileum, leading to abnormally high levels of cytotoxic BAs and neurotoxic ammonia in blood and brain, contributing to the neurological impairment; and 4) blockage of intestinal BA reapsorption via inhibiting ileal ASBT significantly alleviated liver and brain damage as evidenced by lowered BA concentrations, and increased GFAP-and NeuN-positive cells in brain (Fig. 7) . Taken together, our data showed that dysregulated BA signaling due to ALF or chronic liver disease may contribute to HE because inhibition of enteric BA reabsorption reduces the circulating BAs and thus, thus protected against the development of HE.
Blood ammonia levels are used for diagnosis and treatment evaluation of HE [41] . Ammonia is mainly produced in the gut [42] , where bacterial deamination of amino acids and bacterial urease metabolism of liver derived urea takes place. Under normal conditions, ammonia is partially reabsorbed by the colon and enters the blood circulation [43] . The homeostasis of ammonia is profoundly altered in liver failure resulting in hyperammonemia due to excessive ammonia released from the intestine and to deficient ammonium clearance by the diseased liver with impaired urea cycle. Abnormally high circulating ammonia leads to excessive cerebral ammonia uptake which in turn, leads to cerebral edema and the development of HE [44] . Our study revealed that a simple but key factor that controls the intestinal reabsorption of ammonia is the intestinal luminal pH. Under acidic (pH b 6) or physiological conditions ammonia exists mainly as the ionized form, NH 4 + , and is readily excreted in the feces. However, under basic conditions, intestinal ammonia will be converted to NH 3 , which can diffuse freely through the cytoplasm membrane, and its reabsorption from colon into blood circulation increases with increased pH [45, 46] . The intraluminal pH varies from highly acidic in the stomach to mildly acidic conditions in the proximal colon and to more neutral pH distally. BAs play a key role in regulating intestinal pH due to their strong acidity (pKa~1-7) [47] , sustained concentration levels and distribution throughout the intestine. In advanced liver diseases such as cirrhosis, the enterohepatic circulation of BAs is impaired with downregulated hepatic production and upregulated intestinal reabsorption of BAs. Our study showed both NASH-HCC and HE model mice had lower BA levels in the intestines than normal mice, along with higher levels of intestinal pH and blood ammonia.
We found that ASBT expression was significantly upregulated in the brain in AOM-treated mice, which is consistent with a prior study reporting increased expression of ASBT in the cortices of these mice [6] . ASBT has been reported to have a higher affinity for the taurine and glycine conjugates over the unconjugated forms [48] , which supports our findings that conjugated BAs increased significantly in HE patients and mice with markedly increased ASBT expression. UDCA and TUDCA are neuroprotective hydrophilic BAs [49, 50] , and we showed that the AOM-induced HE model mice had significantly decreased TUDCA levels in the brain and HE patients had significantly decreased proportion of UDCA and TUDCA in serum BAs. It is generally considered that liver failure may be associated with altered neurological function, but not necessarily with neuronal loss. Thus, measurement of neuronal loss may not be sufficient to represent the neurological symptoms characteristic of HE. However, neuronal loss including neuronal cell damage and death has been well documented in liver failure patients, in the form of several distinct clinical entities namely acquired (non-Wilsonian) hepatocerebral degeneration, cirrhosis-related Parkinsonism, post-shunt myelopathy, and cerebellar degeneration [51, 52] . Cerebellar degeneration, with loss of Purkinje neurons was also reported in 20 out of 36 patients who died with liver cirrhosis and HE [33] . There was neuronal loss in the deeper cerebral cortical layers and the basal ganglia as well as microcavitation in the dentate nucleus in HE patients [34] . Results on 48 patients with cirrhosis without overt hepatic encephalopathy and 51 age and sex-matched healthy subjects indicated that loss of brain tissue density is common in cirrhosis, progresses during the course of the disease, is greater in patients with history of hepatic encephalopathy, and persists after liver transplantation [35] . A recent study also showed that patients with chronic liver disease show infiltration of Th17 and Tfh lymphocytes in the meninges in cerebellum, microglia and astroglia activation and the loss of Purkinje and granular neurons [53] . Neuronal loss, especially in cerebellum, is therefore more frequent than previously assumed in liver disease.
Although the STZ-HFD induced NASH-HCC mouse model is not a well-established HE model, we observed brain damages in these mice such as evidenced by significantly decreased GFAP and NeuN protein expression in brain tissues compared with normal control mice. We also observed that STZ-HFD treatment upregulated ASBT expression in ileum and brain, significantly elevated ileal pH and blood ammonia concentration, and markedly increased cytotoxic BAs in the brain. These characteristics were similar to the results found in AOM mice, suggesting STZ-HFD treatment also induced neurological decline in C57BL/6 J mice. It is noteworthy that the mitigation of liver disease was most likely the reason for the attenuation of ALT and serum ammonia levels and that examination of the reason for the greater effectiveness of SC-435 on the AOM model mice vs. STZ-HFD mice warrants further investigation.
Treatment with SC-435 decreased blood and brain ammonia and the anxiety levels in model mice. Currently, it is unclear that all the observed neurological improvements were due to improved liver function, improved brain function, or both, which warrants further investigation. ASBT gene expression is also regulated by the glucocorticoid receptor [22] . Glucocorticoids are primary stress hormones, and their circulatory levels have been shown to increase in response to both physiological [54] and psychological [55] stress factors. Therefore, such stresses may accelerate intestinal BA absorption via glucocorticoid receptormediated ASBT upregulation in the ileum. Budesonide, a corticosteroid exhibits potent glucocorticoid receptor activity [56] , and this may explain some of its ability to upregulate ASBT expression and increase BA reabsorption by the intestine.
Recent studies have revealed that multiple neurological disorders, including Parkinson's disease and Alzheimer's disease, are closely associated with the abnormal BA metabolism and biodistribution [57, 58] . Targeting ASBT may, therefore, become a novel therapeutic approach for chronic neurological conditions that often exhibit an impaired BA regulation.
In summary, our study showed elevated concentrations of conjugated BAs and ammonia in the sera of liver cirrhosis patients with HE compared with those without HE. Animal studies further demonstrated that ASBT activation enhanced intestinal reabsorption of BAs and increased concentrations of BAs and ammonia in both blood and brain, resulting in brain tissue damage. Conversely, blocking BA reabsorption from the intestine via inhibiting ASBT decreased concentrations of BAs and ammonia in blood and brain in mice with liver damage and thus, ameliorated the neurological decline in these mice. the data. A.H.Z., J.Y.Y., X.J.Z., F.J.H., X.Z.L., and C.Y. helped to perform the experiments and collected the data. G.X.X. wrote the manuscript. G.X.X., J.P., C.R., H.Y., W.P.J., B.C.S. and W.J. critically revised the manuscript.
